Boiling of immiscible mixtures is studied to realize high-performance
INTRODUCTION
The development of semiconductor technologies requires the removal of a larger amount of heat dissipated under higher heat flux densities. The ability of cooling by atmospheric air is limited and cooling by liquid satisfies most existing cooling requirements. To support further development of electronic devices in the near future and the simultaneous reduction of the dimensions of cooling systems, the practical application of boiling phenomena attracts much attention, and has been investigated extensively in recent years. In addition to the conventional Si semiconductors, new semiconductors, e.g., SiC and GaN, with smaller heat dissipation and high thermal toughness also requires cooling for the feasibility of integration and the reduction of switching loss during the power conversion.
In the existing liquid cooling systems, working fluids are selected in the range of single-component fluids or nonazeotropic miscible mixtures. The latter sometimes became the refrigerant's alternative to Freons which were discontinued in manufacturing by reason of global environment conservation. Most recent studies, however, are concentrating on the increase of critical heat fluxes for the cooling of small-semiconductor chips, and investigations for the cooling of large areas under high-heat-flux conditions are very limited, except the ones performed by some of the present authors (e.g., Shinmoto et al., 2009 ). Furthermore, the existing studies involve poor information about the cooling requirements that should be satisfied for the application of boiling phenomena to various practical systems. The present authors found superior heat transfer characteristics inherent in boiling of immiscible mixtures from pool boiling experiments. The cooling system using flow boiling, which makes possible the separation of the heat generation part from the part of final heat dissipation to the ambient, has a larger range of applications. However, there is almost no knowledge about flow boiling of immiscible mixtures. Because of the difference in densities and surface tension between the component liquids combined, the flow patterns are expected to be more complicated compared to those for the conventional single-component systems. And the behaviors of heat transfer corresponding to the local vapor quality become much more complicated due to the coexistence of three fluids, i.e., immiscible liquids of two components and their vapor. The use of nonazeotropic mixtures seems to have no advantage for the improvement of heat transfer characteristics in nucleate boiling, because the heat transfer deterioration due to the existence of the resistance against the mass diffusion of more-volatile component results in an increase of interfacial temperature. Only Marangoni effects could have a potential to increase the heat transfer, where increase of surface tension toward three-phase interlines is realized by the concentration gradient in most cases. However, only a noticeably small enhancement of heat transfer was confirmed, presumably by the flow beneath bubbles induced by Marangoni force (Sakai et al., 2010) . For low concentration of alcohol in aqueous mixtures of high carbon alcohol, the surface tension is increased with increasing temperature in a particular temperature range (Vochten and Petre, 1973) , where the surface tension is increased by both concentration gradient and temperature gradient. This situation is referred to as "self-rewetting" (Abe, 2005) . The increase in critical heat flux (CHF) is observed for wire heaters (Van Stralen, 1956 ) but not for plate heaters because of the difference in the supply of liquid between both configurations at high heat flux just before CHF (Sakai et al., 2010) .
Only a limited number of reports on nucleate boiling of immiscible mixtures, except the oil mixtures, are available. Furthermore, there are few investigations on the heat transfer characteristics for immiscible mixtures under flow boiling conditions. Gorenflo et al. (2001) conducted the experiments for boiling of water/1-butanol on a horizontal tube. Depending on their concentrations, temperature, and pressure, these mixtures became miscible or partially miscible. Based on the data for various combinations of concentration and pressure, they clarified the small influence of miscibility on the nucleate boiling heat transfer. Roesle and Kulacki (2012) studied nucleate boiling of dilute emulsions of FC72/water and pentane/water on a horizontal wire. The concentrations of FC72 and pentane, i.e., more-volatile components, dispersed in the continuous phase of water were varied by 0.2%-1.0% and 0.5%-2.0%, respectively. Boiling of only dispersed component or of both dispersed and continuous components was observed, depending on the level of heat flux. The corresponding heat transfer was enhanced for volume fractions of dispersed components larger than 1% owing to the nucleate boiling of it. Bulanov and Gasanov (2008) used four emulsions of n-pentane/glycerine, diethyl ether/water, R113/water and water/oil, where more-volatile components were dispersed in the continuous, less-volatile liquids. The reduction of surface superheat at the boiling incipience was observed compared with the pure less-volatile component. Bonilla and Eisenbuerg (1948) reported the boiling of water/styrene and 1,3-butadiene/water on a horizontal heating surface with 76 mm diameter under 0.0053-0.1 MPa and 0.408-0.612 MPa, respectively, where water was a bottom layer for both cases. Heat flux was plotted against the temperature difference between the heating surface and the liquid for different compositions of the immiscible mixtures. For water/styrene, heat transfer deterioration was obvious for the immiscible mixtures compared to the component pure liquids, while almost the same relation between the heat flux and temperature difference was obtained for 1,3-butadiene/water. Bragg and Westwater (1970) conducted pool boiling experiments for immiscible mixtures of Freon-113/water, hexane/water, and perchloroethylene/water using a horizontal surface of 20 × 20 cm 2 under 0.1 MPa, where Freon-113, water, and perchloroethylene were accumulated on the bottom. They investigated the effect of volatility and classified the heat transfer modes in the bottom and top liquid layers for eleven immiscible mixtures, including these three mixtures. The higher density liquid contacting to the heating surface directly affected the heat transfer characteristics of the immiscible mixture independent of its volatility, while the volatility and layer thickness of the lower density liquid caused subcooled boiling by the reduction of equilibrium temperature of the liquid, including the bottom one, under a given total pressure. Sump and Westwater (1971) conducted pool boiling experiments of immiscible mixtures of Freon-113/water, Freon-112/water, and n-hexane/water on a horizontal tube with 6.4 mm in outer diameter under 0.1 MPa, where Freon-113, Freon-112, and water became bottom liquid layers surrounding the heated tube. They showed the trend of enhanced heat transfer in the film boiling region for Freon-113/water and Freon-112/water compared to each pure Freon.
In this paper, the superior heat transfer characteristics inherent in nucleate boiling of immiscible mixtures are summarized based on the experiments conducted under pool boiling conditions and the possibility of immiscible mixtures in flow boiling is discussed. To obtain fundamental knowledge about the interfacial behaviors between two component liquids and the heat transfer characteristics of immiscible mixtures in flow boiling, experiments are conducted by using a test loop designed for the steady-state circulation at the desired flow rates of both components. Figure 1 shows a liquid-vapor phase equilibrium diagram for an immiscible mixture of FC72/water at total pressure of 0.1 MPa. A horizontal solid line is a boiling point curve at the equilibrium temperature, and the area below the line corresponds to the liquid state. Broken lines are dew-point curves, and the area above the lines represents the vapor state. The area between the solid and broken lines corresponds to the state of liquid-vapor mixture. The point where the two dew-point curves merge is similar to an azeotropic point existing in a part of miscible mixtures. Immiscible mixtures at the equilibrium temperature evaporate to become vapor at this concentration independent of the composition in bulk liquid. The dew-point concentrations are calculated by the following equations (e.g., Prigogine and Defay, 1954) :
CHARACTERISTICS OF IMMISCIBLE MIXTURES

Phase Equilibrium
(1)
where Y 1 is the mole fraction of the more-volatile component in vapor on the dew-point curve [-] , T is the dew-point temperature [K] , T sat is the saturation temperature [K] under total pressure P , h f g is the latent heat of vaporization [kJ/kg], and R the gas constant [kJ/kg K]. The subscripts 1 and 2 denote more-volatile and less-volatile components, respectively. The dew-point curves are determined so that the summation of partial vapor pressures of both components becomes the total pressure. Equations (1) and (2) are derived from the Clausius-Clapeyron equations representing the gradients of the vapor pressure curve and from the approximation of vapor state by using the ideal gas equation. Because the vapor pressure curves for both components in the present study are obtained from the available existing data based on direct measurement, the three curves on the phase equilibrium diagram do not merge exactly at one point.
Nature of Immiscible Mixtures During Nucleate Boiling
In the thermal equilibrium state, the temperature of immiscible mixtures becomes constant regardless of its composition, i.e., ratio of liquid volumes. The temperature depends on the total pressure of the system or the summation of partial vapor pressures of the components. From another point of view, the liquid of one component is compressed excessively above the saturation pressure, corresponding to the liquid equilibrium temperature by the partial vapor pressure of another component. This situation is true for liquids of both components, and both liquids are subcooled by the "self-compression" effect under a given total pressure. As shown in Fig. 2 , the higher saturation vapor pressure of the more-volatile component compresses the less-volatile liquid, resulting in a higher degree of subcooling than that of the more-volatile liquid compressed by the lower saturation pressure of the less-volatile component. The selfsustaining subcooling is given for both component liquids in immiscible mixtures, even in a closed container without an additional cooling or compression device outside of the container. The equilibrium temperature T e , the degree of subcoolings ∆T sub , and physical properties for both component liquids of FC72/water immiscible mixture at P = 0.1 MPa are summarized in Table 1 .
SUMMARY OF NUCLEATE BOILING
Experimental Procedure
The group of present authors conducted the experiments for pool boiling of immiscible liquid mixtures on a flat heating surface with a diameter of 40 mm facing upward, where a more-volatile liquid FC72 with higher density and a less-volatile liquid of water with lower density were combined (Kobayashi et al., 2012) . The total height of immiscible mixtures was kept constant at 100 mm, while the height H 1 of FC72 before heating was varied as a parameter, as shown in Fig. 3 . The heating surface made of copper is flat and smooth without any microstructure. The boiling vessel with 203 mm inner diameter was operated as a closed system, where the inside of the vessel was evacuated before the filling of test liquids at the beginning of a series of experiments. At each of the heat fluxes, the pressure and corresponding equilibrium temperature were adjusted by the regulation of coolant flow rates flowing in the condenser tubes hanging from the top flange of the vessel. The temperatures are measured by thermocouples inserted in bulk liquid at 2 and 80 mm, and in vapor at 160 mm above the heating surface. These temperatures were used for the confirmation of equilibrium temperatures evaluated from the phase equilibrium calculation. The heat flux and temperature of the heating surface were evaluated by the axial distribution of temperatures in a cylindrical heating block, where the heating power is supplied by the cartridge heaters inserted in the bottom of the block. of the large layer thickness of FC72, the heating surface contacts only FC72 with small subcooling by 4.1 K; the surface temperature transition with increasing heat flux and the value of CHF almost coincide with those for pure FC72 under the saturated condition at 0.1 MPa. For H 1 = 10 mm, the transition of the surface temperature at low heat flux is similar to the case of pure FC72, while the surface temperature jumps nearly at the CHF value for pure FC72 by the small increment of heat flux. The jump of the surface temperature remains at around 20 K, not resulting in a catastrophic temperature excursion. The phenomena is named an "intermediate heat flux burnout" or "intermediate burnout" for short by the present authors. Beyond this heat flux, the heat transfer due to nucleate boiling of FC72 cannot be continued. However, extended dried areas on the heating surface are quickly quenched by the penetration of highly subcooled water to the heating surface. The heat transfer mode is changed from nucleate boiling of FC72 to free convection and finally to nucleate boiling of water by further increase of the heat flux. The replacement of liquid is not completed by the intermediate heat flux burnout, and the CHF accompanied by the temperature excursion is mainly due to the blanketing by FC72 vapor occurring at the heat flux between CHFs for FC72 and water.
Heat Transfer Characteristics
When the thickness of the FC72 liquid layer is reduced to H 1 = 5 mm, intermediate heat flux burnout occurs, as observed for H 1 = 10 mm, but the liquid contacting the heating surface is replaced more completely from FC72 to water, resulting in the increase of heat flux rather than CHF for pure water. The value of CHF could not be measured due to the shortage of power supply from the heating block. The increase of CHF is attributed to the large subcooling of water, as much as ∆T sub = 48.4 K, because of the excessive compression by the high vapor partial pressure of FC72, as shown in Table 1 . The value of CHF predicted by the existing correlation (Ivey and Morris, 1966 ) becomes 4.3 × 10 6 W/m 2 . Furthermore, the reduction of surface temperature is observed at high heat flux. The substantial enhancement of heat transfer is attributed to the enhanced agitation and/or the formation of thin film beneath the generated bubbles by the instantaneous evaporation of FC72. It is worthy to note that the heat transfer coefficients for the immiscible mixture defined by using the liquid equilibrium temperature deteriorates superficially from the value for pure water due to high subcooling of liquid.
In the case of H 1 = 0 mm, the liquid of FC72 is filled around the cylindrical heating surface assembly and no liquid layer of FC72 exists on the heating surface before heating. A portion of FC72 is carried on the heating surface by the disturbance at the liquid-liquid interface, which is imposed by the natural circulation in the vessel and partly by the falling condensate droplets of more-volatile liquid with higher density. The heat transfer is dominated by free convection of water at low heat flux, and with increasing heat flux it shifts to the enhanced convection and finally to enhanced nucleate boiling of water assisted by the generation of FC72 vapor.
Some improvements of heat transfer characteristics confirmed during the nucleate boiling of immiscible mixtures are summarized in Fig. 5 . In addition, the initiation of nucleate boiling is more easily started from the liquid layer of FC72 with smaller latent heat of vaporization than water. The trends shown in Fig. 5 were confirmed also for immiscible mixtures of Novec649/water and Novec7200/water (Ohnishi et al., 2013) . The immiscible mixtures are classified into nonsoluble and partially soluble mixtures, where solubility in the latter case is generally dependent on the concentration and the temperature level. It was clarified that the characteristics of heat transfer observed above are weakened for partially soluble mixtures. Two different patterns in the transition of surface temperature during the intermediate heat flux burnout are confirmed, depending on the feasibility of bubble penetration into the upper liquid (Kita et al., 2014) .
EXPECTED PERFORMANCE IN FLOW BOILING OF IMMISCIBLE MIXTURES
Requirements for the Application of Boiling Heat Transfer to Practical Cooling Systems
The first barrier for the application of boiling phenomena is the mixing of air, which seriously deteriorates the condensation process due to the local increase in the concentration of incondensable gas around the cooling surfaces, resulting in the decrease of temperature difference as a driving force. The simplest and most reliable method to prevent the mixing of air is to operate the cooling systems at pressures above atmospheric pressure. Under such pressure conditions, the saturation temperature of pure water exceeds 100
• C higher than the acceptable temperature of small-scale Si semiconductors. The selection of a working fluid with high saturation pressure, such as Freons, Fluorinerts, and hydrofluoroethers (HFEs), with high electric insulation is the easiest method. However, such fluids have far smaller CHF values compared to water and cannot satisfy the requirements of cooling at high heat flux.
The present authors introduced the immiscible liquids as working fluids because the total pressure becomes easily higher than atmospheric at low equilibrium temperature, i.e., the total pressure is the summation of saturation pressures for both fluids at an equilibrium temperature. In addition, the liquid of one component is pressurized by the partial vapor pressure of the other component. As a consequence, the subcooled condition of both liquids is self-sustained. The degree of subcooling for both liquids is different, where lower subcooling is given to more-volatile liquid by the low vapor pressure of the less-volatile component, while higher subcooling is given to less-volatile liquid by the higher vapor pressure of the more-volatile component. The subcooling exerted by the excessive compression by the vapor partial pressure of another component is utilized to increase CHF values. In pool boiling using a horizontal heating surface, bubbles generated from low subcooling more-volatile liquid with a higher density rise in the liquid layer of a less-volatile component, and the vapor is composed mainly of a more-volatile component. As a consequence, the more-volatile component with higher density can keep the equilibrium with its vapor. For practical applications, not the increase of heat transfer coefficient defined by using a subcooled liquid, which becomes lower than that of pure liquid, but the decrease of surface temperature is required. The reduction of surface temperature could be possible because the vapor of the more-volatile component generated by the instantaneous evaporation substantially enhances the heat transfer of the less-volatile component due to nucleate boiling under high-heat-flux conditions. There exists one more requirement, especially for cooling electronic devices with a large variation of heat dissipation rate, encountered, for example, in the cooling of inverters for electric or hybrid automobiles, where the overshooting of surface temperature should be avoided at the incipience of boiling. This requirement is satisfied by the selection of a more-volatile component and its volume ratio in cooling jackets.
The nucleate boiling of immiscible mixtures makes possible the following requirements even by using a smooth surface: (i) operation at pressures higher than atmospheric, keeping a low liquid temperature; (ii) increase of CHF by self-sustained high liquid subcooling of less-volatile components resulting from excessive compression by the partial vapor pressure of more-volatile components; (iii) reduction of wall temperature during the free convection or nucleate boiling heat transfer of less-volatile components by the vapor of more-volatile components; (iv) reduction of wall temperature overshoot at the boiling incipience by selecting the combination of component fluids.
Flow Boiling System Using Immiscible Mixtures
The increase of CHF observed in boiling of immiscible mixtures results from the immediate condensation of generated bubbles in liquids with self-sustaining high subcooling, where the situation holds true also for flow boiling systems under thermal equilibrium conditions. If the degrees of subcooling for both component liquids selected can be kept at appropriate large values under near-equilibrium conditions, the condensation of generated bubbles is possible in the liquid flow toward the downstream. This implies the possibility of a flow boiling system without a liquid-vapor separator and condenser, provided that a vapor trap or a "passive accumulator" to keep the thermal equilibrium is installed near the heating surface. The boiling phenomena is applied by using a loop similar to that for conventional cooling systems by forced convection of a single-phase liquid. In boiling of immiscible mixtures, the less-volatile liquid with high subcooling realizes cooling under high-heat-flux conditions, and the flow rate of a more-volatile component can be minimized, provided that its vapor compresses the less-volatile liquid enough, keeping the saturated vapor pressure of the more-volatile component at the equilibrium temperature. Even in the case that only the lessvolatile vapor is condensed in the liquid flow, a large reduction of vapor flow rates becomes possible. This becomes an advantage expected additionally in flow boiling of immiscible mixtures, i.e., the reduction of duct size in the downstream of the heated section prevents excessive increase of fluid velocity and the reduction, in turn, of pressure loss due to two-phase flow.
In flow boiling under high-flow-rate conditions, the distribution of component liquids on the heating surface cannot be controlled by the difference in densities. The shape of the heating duct optimized for the flow rates (i.e., inertia) and properties (e.g., densities and surface tensions) of component liquids becomes significant, in addition to the installation of a passive accumulator mentioned above. Furthermore, flow boiling can realize the cooling of the vertical heating surface, maintaining the features of immiscible mixtures in the preceding section, if the liquid of the discontinuous phase can be dispersed in the liquid flow as fine droplets or emulsions. Figure 6 shows the outline of the test loop and test section. The major components of the test loop are a test section, condenser, liquid-vapor separation tank, circulating pump, preheater, flow meters, and check valves. Both test fluids are circulated by one pump, and the flow rates of liquids are controlled manually at desired ratios by valves located downstream of the liquid-vapor separation tank operated also as the liquid reservoir. In the tank, two liquids with different densities are separated and stratified by gravity, and two tubes for the suction of different liquids are inserted at different heights from the bottom of the tank.
RESULTS OF PRELIMINARY EXPERIMENTS
Test Loop and Experimental Procedure
The test section is composed of a heated tube made of stainless steel and a transparent unheated tube made of Pyrex glass for observation, located downstream of the heated tube. The inner diameter of the tubes is 7 mm and the heated length is 310 mm. The test section is oriented horizontally to contact the liquid of higher density on the bottom tube wall, at least under low total mass velocity. Sheath heaters are wound around the heated tube for Joule heating, and six thermocouples are inserted in the tube wall from the outer surface and soldered at top and bottom of the upstream, midstream, and downstream locations, as shown in Fig. 7 . The heated tube is thermally insulated from the ambient by using glass wool wrapped around it. At the inlet and outlet of the test section, thermocouples are inserted in the center of the tube to measure the fluid temperatures.
The experimental conditions are listed in Table 2 . The experiments are performed by using test fluids of FC72 with more volatility and higher density, and water with less volatility and lower density. Many superior heat transfer characteristics were confirmed by this combination of liquids in pool boiling, as described in Sec. 3. The inlet liquid temperature is fixed at 47
• C under inlet pressure of 0.1 MPa by the adjustment of preheater power and by the operation of the valve just before the liquid-vapor separation tank, respectively. Both flow rates, as important parameters of the present experiment, are adjusted by increments of 0.1 L/min. Because the thermocouples for the measurement of tube wall temperatures are attached using solder with low melting temperature, the increase of heat flux is interrupted when one of the wall temperatures tends to exceed 140
• C.
To define the local heat transfer coefficients, the transition of fluid temperature along the tube axis is needed. From the temperature measurement and observation, the fluid temperature is increased even at low heat flux. The phenomena cannot be explained by the phase equilibrium as shown in Fig. 1 , where the temperature of two-phase fluid does not increase before the complete evaporation of more-volatile liquid. In the experimental range, FC72, with the more-volatile component denoted as "1," is evaporated, while water, the less-volatile component "2," is kept subcooled and not evaporated. If the uniform temperature of both fluids at the cross section of all locations along the 
(ii) 1. Saturated liquid and vapor / 2. Subcooled liquid
where ∆Q is the heat input from a tube surface increment along the tube axis . The vapor quality x 1 is defined by the ratio of mass flow rate of vapor to the total for component 1, calculated from the heat balance equation above, and does not represent the actual vapor quality, taking account of subcooled boiling:
The vapor quality x included in component 2 becomes
In the case where only component 1 is evaporated,
where V v is the volumetric flow rate of vapor [m 3 /s]. The parameter ξ introduced here represents the ratio of heat supplied to the more-volatile component to the total. In the subcooled region of the more-volatile component, both liquids are subcooled. For a given combination of heat capacities of fluid corresponding to the flow rates, the value of ξ is uniquely determined under the assumption of the same temperature increment along the tube axis. In the two-phase region, the temperature of the subcooled liquid of component 2 is increased, while component 1 is evaporated and heated, keeping the same liquid and vapor temperature as that of the subcooled liquid of component 2. After complete evaporation, the temperature increments for the vapor of component 1 and the subcooled liquid of component 2 are assumed to be the same, which gives again a unique value of ξ. In the two-phase region, however, the value of ξ cannot be determined by only the assumption of the same increment of temperature among the three fluids concerned, i.e., vapor 1, liquid 1, and liquid 2, due to the unknown heat rate consumed for the evaporation. Then the value of ξ averaged over the tube length of the two-phase region is estimated from the measured exit temperature so that it coincides with the calculated value.
The locations for the measurement of tube wall temperature are shown in Fig. 7 . In this paper the local heat transfer coefficients are evaluated at upstream, midstream, and downstream locations, where the average of wall temperatures at the top and the bottom are used at each location. Heat flux is assumed to be uniform circumferentially and axially in the entire heated length, which is evaluated from the electric power input compensating the heat loss by the calibration performed in advance. The accuracy of the temperature measurement by the thermocouples is ±0.3 K. The error of the wall temperature measurements evaluated from the heat conduction in the tube wall is 0.5 K. The heat flux estimated from the power input has a maximum error of 5% at the lowest heat flux due to the error in the evaluation of heat loss to the tubes in both sides connected to the heated section. The pressure measured at the inlet of the heated section varied by ±0.005 MPa, influenced by the balance of heating and cooling rates.
Flow Patterns
Because the heat transfer characteristic depends heavily on the component which contacts with the heating surface, the distribution of the liquid phase composed of two immiscible liquids becomes important in the present system, in addition to the distribution of vapor phase. The distribution of both liquids is affected by gravity, inertia, and surface tension, as observed for two-phase distribution in the conventional single-component system. In pool boiling using immiscible mixtures, two liquids tend to be separated vertically by gravity, even during the bubble generation, if the layer of heavy liquid is not too small. On the other hand, in flow boiling, the inertial force is varied with the total flow rates and the ratio of both immiscible liquids, and the effect of flow rate, becomes significant also for the heat transfer characteristics. First of all, the distribution of the liquid-liquid interface is studied under unheated conditions before the discussion about heat transfer. Six different patterns are observed for FC72/water immiscible mixtures.
There are three fundamental flow patterns among six patterns under unheated conditions, as shown in Figs On the other hand, if the flow rate of FC72 is increased, different flow patterns based on the patterns mentioned above are observed, as shown in . When V water is small, the stratification of both liquids occurs, accompanied by the fine droplets of FC72 [ Fig. 8(d) ]. The flow pattern is referred to here as "wavy stratified + FC72-droplet flow." Further increase of V water separates the bulk flow of FC72 liquid and enhances the generation of fine droplets of FC72 [ Fig. 8(e) ]. Because V FC72 is large, the coalescence of droplets becomes frequent, resulting in the formation of larger droplets compared to the case of emulsionlike flow in Fig. 8(c) . The flow pattern shown in Fig.  8 (e) is named here "FC72-churn + FC72 droplet flow." The bulk flow of FC72 liquid is not continuous but actually tends to be segmented. As a consequence, emulsionlike flow is not observed for large flow rates of FC72 under large flow rates of water. Further increase of V water [ Fig. 8(f) ] cut the bulk flow of FC72 to form the FC72 slugs, where the role of increased water flow rate is similar to that of the gas phase in a single-component two-phase flow. The flow pattern is referred to here as "FC72-slug + FC72 droplet flow."
Six flow patterns peculiar to immiscible mixtures by the above classification are summarized in Fig. 9 , where superficial velocities j FC72 and j water are indicated in addition to V FC72 and V water . At low V FC72 and low V water , the generation of fine droplets of FC72 does not occur, while it starts to occur with increasing inertia of liquid flow at higher V FC72 and/or V water . For large flow rates of FC72, the boundary "wavy stratified + FC72-droplet flow" and "FC72-churn + FC72-droplet flow" is represented by V FC72 /V water = 2. The flow pattern "FC72 churn + FC72-droplet flow" occurs under the condition of V FC72 /V water = 1-2, and it changes to "FC72-slug + FC72-droplet flow" 
at almost constant value of water flow rate, corresponding to We water = 2 in the experimental range, where the Weber number is defined by using a superficial velocity of water:
When inertia of water is increased by large flow rates of water, the entire volume of liquid FC72 is dispersed in the flow of water to become fine droplets and emulsionlike flow is observed. The boudary between "FC72-slug + FC72-droplet flow" and emulsionlike flow is given by V FC72 /V water = 0.6. 
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Change of Bulk Temperature Along the Flow Direction
Heat transfer characteristics for flow boiling of an immiscible mixture depends largely on the distribution of liquidliquid interfaces before heating, i.e., flow patterns under the unheated condition. Heat transfer data is discussed for the total flow rate of 0.5 L/min, where the typical flow patterns are observed and the flow is stable for all combinations of both flow rates. When the flow rates of FC72/water were varied as 0.4/0.1, 0.3/0.2, 0.2/0.3, and 0.1/0.4 L/min, "wavy stratified + FC72-droplet flow," "FC72-churn + FC72-droplet flow," "FC72-slug + FC72-droplet flow," and emulsionlike flow, respectively, were observed as shown in Fig. 9 . The superficial velocities and mass velocities are summarized in Table 3 . Fluid temperatures are measured at the inlet and outlet of the heated section, where the outlet temperature is varied, not only with the total flow rate and heat flux, but also with the ratio of flow rate of both components. Figure 10 shows the outlet temperatures T out against heat flux q. In the subcooled region, the ratio of heat ξ transferred to FC72 to the total heat input is determined uniquely from the flow rates of both components by using Eq. (3), while the value is determined by using Eq. (4) with reference to the measured outlet temperature in the quality region. In the figure, the values of ξ are given for each combination of flow rates. Although constant values of ξ are used for the calculation of the fluid temperature increment during the evaporation, the effect of heat flux on the outlet fluid temperature is well reproduced. Because of very small vapor partial pressure of water, the degree of subcooling for FC72 evaluated from the phase equilibrium is 4.1 K. According to the observation, boiling of FC72 in water is initiated before the fluid temperature exceeded beyond the saturation temperature T sat = 55.7
• C of FC72 at 0.1 MPa. Therefore, for all immiscible mixtures, the calculation for the quality region using Eq. (4) is started when the liquid temperature reaches the equilibrium temperature T e = 51.6
• C for simplicity, while the quality region is applied to the calculation after the increase of liquid temperature beyond the saturation temperature in the case of pure FC72. For all mixtures including pure FC72, subcooled boiling of FC72 was confirmed at lower liquid temperatures than those used in the above calculation. Even for V FC72 ∼ = 0 L/min and V water ∼ = 0.5 L/min, a very small amount of FC72 was mixed in water because of the structure of the test loop employed, resulting in the generation of a small amount of bubbles. Figure 11 shows the relation between ξ and the ratio of volumetric flow rates V FC72 /(V FC72 + V water ) = V FC72 / V total during the evaporation of FC72 in the "quality region." It is clear that the value of ξ increases rapidly with increasing V FC72 /V total , indicating the transfer of a large amount of latent heat to FC72. Even for V FC72 /V total = 0.2, almost 60% of the total heat is transferred to FC72, while it increases up to 90% for V FC72 /V total = 0.6. In the figure, the values of ξ in the subcooled region determined uniquely from the flow rates of both liquids are also shown. The value of ξ increases with increasing V FC72 /V total , keeping its value quite smaller than the value of the quality region at the same V FC72 /V total .
In Fig. 10 the outlet temperatures for pure components are also included. No evaporation occurs for water, except that of a very small amount of FC72 mixed in water, and the water temperature increases almost linearly with heat flux, while the temperature of FC72 approaches the saturation temperature by the increase of heat flux. The discrepancy between the calculated and measured outlet temperatures for FC72 is caused by the subcooled boiling of FC72 starting at lower temperature than the saturation temperature, where a part of the heat is consumed by the evaporation and not completely condensed, even at the outlet of the heated section, resulting in the decrease of heat transferred by the sensible heat and, in turn, the reduction of outlet temperature. Because the discrepancy between the calculated and measured outlet fluid temperature for most heat fluxes is within 1 K, the transition of fluid temperature along the tube axis is evaluated here for one value of ξ for one combination of flow rates. Figure 12 shows an example of the transition of fluid temperatures T b along the tube axis for different combinations of flow rates evaluated by using values of ξ in Fig. 11 at heat fluxes q = 8 × 10 4 W/m 2 . Only the temperature of FC72 becomes constant during the evaporation. On the other hand, the temperature of water increases with a constant gradient along the entire tube length because of the subcooled condition even at the outlet. For the immiscible mixtures, the temperature gradient during the evaporation becomes larger with decreasing the flow rate of FC72, i.e., increasing the flow rate of water, under the constant total flow rate of 0.5 L/min, where the corresponding flow pattern is changed from "wavy stratified + FC72-droplet flow" to "FC72-churn + FC72-droplet flow," "FC72-slug + FC72-droplet flow," and finally to emulsionlike flow. The increase of fluid temperature is caused by the enhanced dispersion of FC72 liquid as rivulets or droplets in the continuous phase of water and then the reduction of heat consumed for the evaporation of FC72 with decreasing and increasing flow rates of FC72 and water, respectively. As a consequence, the outlet temperature varies with the ratio of both volumetric flow rates at the inlet.
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Heat Transfer Data
Figures 13 (8) and (6), respectively, are also shown in the figures. For all locations, the heat transfer coefficients gradually increase with increasing heat flux. The trend implies that the heat transfer is not dominated by nucleate boiling of FC72 only, but the contribution of enhanced forced convection by the mixing of FC72 bubbles in subcooled water is also possible. Especially in the downstream location, the heat transfer at the bottom is larger than that at the top at high heat flux, because the nucleate boiling of FC72 liquid with larger density is enhanced at the bottom of the tube. A marked increase in the level of heat transfer coefficients is not observed with the increase of vapor quality, which is quite different from the trend of two-phase forced convective heat transfer in the annular flow regime. This is due to the low vapor quality x, defined by Eq. (8), using the flow rates of both components, where the transition to annular flow occurs near the outlet of the heated tube, and the reduction of annular liquid film thickness with increasing vapor quality x is smaller by the existence of almost nonevaporated water in the flow of annular liquid film. These trends mentioned above are also observed for the other three combinations of inlet flow rates. Figure 14 summarizes the heat transfer coefficients α ave,U , α ave,M , and α ave,D at upstream, midstream, and downstream locations, respectively, for different combinations of inlet flow rates, including those for pure components. These are averaged heat transfer coefficients at the top and bottom for each location. For pure FC72, nucleate boiling occurs and the heat transfer coefficients are proportional to 0.8-0.9 power of heat flux at midstream and downstream locations, which is almost consistent with the results of existing pool boiling experiments. The deterioration of boiling heat transfer observed at higher heat fluxes is deduced to be due to the extension of the dried area just before departure from nucleate boiling. For the mixtures, the gradient becomes lower by the mixing of water, and the contribution of single-phase forced convection of water becomes dominant. For pure water, the heat transfer due to single-phase forced convection should be almost independent of heat flux, but in the figure it increases slightly with increasing heat flux. This is caused by the evaporation of FC72 mixed as fine droplets at very small concentrations during the circulation of water. At heat flux near 10 5 W/m 2 , the wall temperature exceeds the saturation temperature of water enough that nucleate boiling might occur. However, this was not confirmed directly by observation at the unheated section connected behind (cf. Fig. 6 ) due to the immediate collapse of generated water bubbles under the high subcooling of water. The heat transfer coefficient due to single-phase forced convection of water is higher than that for nucleate boiling of FC72 at the lowest heat flux, as shown in the figures at upstream and midstream locations, and the tendency is reversed at higher heat flux. The result is not contradictory to the evaluation by using existing correlations for single-phase forced convection. For the immiscible mixtures, the enhancement of heat transfer from that for single-phase forced convection of pure water is clear by the addition of FC72. Furthermore, values of CHF at high water concentrations are expected to be far higher than for pure FC72. The highest value of heat transfer coefficient is observed for V FC72 = 0.1 L/min, V water = 0.4 L/min at high heat flux near 10 5 W/m 2 , where the flow pattern under the unheated conditions is emulsionlike flow, as confirmed in Fig. 9 .
The heat transfer coefficients for immiscible mixtures are defined by using fluid temperatures where water is highly subcooled, even at the outlet of the heated test section. Because of the high subcooling of water, the value of the heat transfer coefficients defined by using fluid temperature cannot appropriately represent the performance of heat transfer due to boiling. Then the wall temperatures are examined to evaluate the substantial enhancement of heat transfer. Figure 15 compares the wall temperatures between different combinations of inlet flow rates, including those for pure components. It is clear that the wall temperatures for immiscible mixtures of FC72/water are smaller than those for nucleate boiling of FC72 and those for single-phase forced convection of water in the entire heat flux range tested here. The substantial reduction of wall temperature does not change gradually with increasing concentration of FC72 and becomes larger for smaller concentration of FC72, where emulsionlike flow and "FC72-slug + FC72-droplet flow" are observed. However, the ratio ξ of heat transferred to FC72 to the total is smaller for these flow patterns, as is already shown in Fig. 11 , which seems to be a contradictory trend. This is interpreted as follows. The reduction of wall temperature results from the enhanced convective heat transfer to single-phase water agitated by FC72 bubbles. In emulsionlike flow, the fine droplets of FC72 are dispersed more uniformly in the cross section of the tube compared to other flow patterns, and bubbles of FC72 are generated from the entire wall along the circumferential direction, which provides stronger agitation to water flow.
The reduction of wall temperatures at heat flux near 10 5 W/m 2 is important for the cooling of Si semiconductors, with or without a heat spreader, for both small and large scales. The increase of CHF for the immiscible mixtures is expected from the pool boiling experiments, provided that the "self-compression" by the partial pressures of generated vapor are enough. The application of immiscible liquid mixtures becomes a powerful tool for the improvement of cooling performance also in flow boiling systems.
CONCLUSIONS
Superior heat transfer characteristics in boiling of immiscible mixtures useful for the development of high-performance cooling systems are explained based on pool boiling experimental data conducted by the present authors. To clarify the heat transfer behaviors due to flow boiling in a single tube, preliminary experiments were conducted by using an FC72/water immiscible mixture, where FC72 has higher volatility and higher density and water has lower volatility and lower density under different combinations of flow rates at heat fluxes up to 10 5 W/m 2 .
1. In nucleate boiling of immiscible mixtures under pool boiling conditions, drastic increase of CHF, reduction of wall temperature, and an increase of pressure while keeping the liquid at low temperature were simultaneously possible. This was brought about by the excessive compression of liquid by the partial pressure of each component beyond the saturation pressure, corresponding to the equilibrium liquid temperature, and from the generation of FC72 vapor preferentially evaporated during the heat transfer to water.
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q :P 2. Flow patterns composed of two immiscible liquids were examined by varying the flow rates under unheated conditions, and six flow patterns, stratified flow, FC72 slug flow, and emulsionlike flow, were observed at low flow rates of FC72, and the transition to "wavy stratified + FC72 droplet flow," "FC72 churn + FC72 droplet flow," and "FC72 slug + FC72 droplet flow" occurred with increasing the flow rate of FC72. The flow patterns were classified on the map in relation to the combinations of inlet liquid flow rates for both components.
3. By the introduction of a parameter which represents the rate of heat transferred to FC72 to the total, the measured fluid temperature at the outlet of the heated section was reproduced well by the heat balance equation for all heat flux levels, where the phase equilibrium for the immiscible mixtures cannot be applied. The parameter was used for the evaluation of fluid temperature during evaporation of FC72 along the tube axis.
4. Compared with the nucleate boiling heat transfer to pure FC72 and with the forced convection of subcooled pure water, a substantial enhancement of heat transfer accompanied by the reduction of wall temperature was observed for immiscible mixtures of FC72/water independent of heat flux under the same pressure and inlet temperature conditions. The enhanced convection of water assisted by the generation of FC72 bubbles accounted for the larger heat transfer enhancement, even under the small ratio of heat transferred to FC72 to the total.
5. The heat transfer performance was strongly dependent on the flow patterns of immiscible liquids under the unheated condition. The largest enhancement of heat transfer was obtained for emulsionlike flow where fine droplets of FC72 were dispersed in the liquid flow of subcooled water, and the water flow was agitated by the bubbles of FC72 at the entire tube wall, including the top.
6. A larger heat transfer coefficient was obtained for the top of the tube wall than that for the bottom under various combinations of flow rate ratio, vapor quality, and heat flux, because the liquid of FC72 with higher density tended to accumulate on the bottom surface for all flow patterns, including the emulsionlike flow.
It was verified that the application of immiscible liquid mixtures becomes a powerful tool for the improvement of cooling performance also in flow boiling systems. Further studies are needed to investigate the heat transfer characteristics at high heat fluxes, especially the values of critical heat flux, to fill the gap in the heat transfer performances between flow boiling and pool boiling for practical applications.
